Abstract. The Institute for Reference Materials and Measurements (IRMM) will celebrate its 45th anniversary in 2005. With its 150-MeV Geel Electron Linear Accelerator (GELINA) and 7-MV Van de Graaff accelerator as multi-purpose neutron sources, it served the nuclear physics community for this period.
INTRODUCTION
The Institute for Reference Materials and Measurements (IRMM) was founded in 1960 as the Central Bureau for Nuclear Measurements (CBNM) mentioned in the Euratom treaty. Since its creation, activities were dedicated to nuclear data measurements and, in particular, to the investigation of neutroninduced reactions.
The IRMM is well known for its very highresolution cross-section measurements. This is possible with the unique Geel Electron Linear Accelerator (GELINA) facility, delivering neutron beams with repetition rates up to 800 Hz and burst widths of less than 1 ns. The neutron energy is determined by the time-of-flight (TOF) technique with flight path lengths of up to 400 m.
IRMM's 7-MV Van de Graaff, solely used for neutron production via charged particle reactions, complements GELINA in the higher neutron energy region above 1 MeV and is primarily used for activation cross section, fission cross section, standards, and fission fragment property measurements.
With its two accelerators, the IRMM is very well equipped to cover today's still most important neutron energy range up to 20 MeV.
Of importance for the success of the nuclear data measurements was the fact that the IRMM (CBNM) had a very well equipped Sample Preparation Group. Due to the difficult personnel situation, the supply of high-quality sample material is presently very much reduced and efforts towards improvement of this situation are under way This paper concentrates on nuclear fission research. Total and capture cross section measurements and activities in the field of neutron data standards are presented in several other contributions to this conference (see e.g., [1] [2] [3] ).
In the following, recent examples of successful neutron-induced fission measurement campaigns and modeling efforts are given.
FISSION CROSS SECTION MEASUREMENTS
In the past, fission cross-section measurements were successfully performed for even very active isotopes, hence very difficult to be measured [4, 5] . A special detector system had been developed to cope with intrinsic radioactivity rates of up to 10 7 s -1 [4] .
In recent years the focus was more on fission cross sections of isotopes with very short half-lives ( 233 Pa, T 1/2 = 27 d) [6] and where the purity of the sample plays a very crucial role ( 234 U, usually with contaminants of the fissile isotope 235 U) [7] .
The 233 Pa fission cross section was, for the first time, directly measured at our Van de Graaff driven neutron source [6] . The direct measurement of the fission cross section was not considered feasible in a recent IAEA report [8] Th-fueled reactor also gives rise to what is known as the protactinium effect [9] . In the reactor, an equilibrated fraction of 233 Pa in the fuel is reached after some time and, after a reactor stop, this fraction continues to decay into the fissile 233 U. This increases the reactivity, potentially causing criticality. Hence, knowledge of the capture and fission cross section is important to be able to calculate the severity of such an effect. The resulting fission cross section measured in the incident neutron energy range from 1 to 8.5 MeV is shown in Fig. 1 , together with the available evaluations, and compared to a recent indirect measurement of this cross section by Petit et al. [10] . It is obvious from Fig. 1 that the directly measured fission cross section is lower than both evaluations, as well as the indirect measurement of [10] . An explanation for the observed differences of the direct fission cross-section determination compared to the so-called surrogate method is given in [11] .
As a side product of the 233 Pa(n,f) cross section measurements, the 233 U(n,f) cross section has also been measured in the same energy region. This was necessary for correcting the 233 Pa fission cross section due to the buildup of 233 U in the 233 Pa sample and because shielding was used. Also, the evaluated libraries showed a 10% variation of this cross section at MeV incident neutron energies. In Fig. 2 , the results are given, showing between 3 MeV and 6 MeV higher cross-section values as compared to the evaluations. The case of the 234 U(n,f) cross section is also connected with the Th-U fuel cycle.
234
U is the capture product of the main fissile isotope 233 U. Its existence leads to unwanted 232 U production through the (n,3n) reaction. Moreover, it will contribute significantly to the long-lived radioactive waste from used fuel elements. Due to the lack of accurate experimental data, the commonly used evaluated data files for 234 U show large discrepancies. In order to improve this situation, the fission cross section of 234 U was measured at the thermal point at the Institute LaueLangevin (ILL) in Grenoble, France.
The ILL measurements resulted in a thermal fission cross-section value of (67 ± 14) mb, as already reported [7] . This value has been adopted in a recent evaluation of this cross section by Maslov et al. [12] .
A high-resolution measurement of the fission cross section of 234 U in the resonance region is being performed at GELINA. The aim is to cover the incident neutron energy region from 10 meV to 1 MeV. As detection system a Frisch-gridded ionisation chamber with very pure methane as detector gas is used. (full line) [13] .
FISSION FRAGMENT PROPERTY MEASUREMENTS
Fission fragment property measurements are another domain, where the IRMM has a renowned reputation. In the past couple of years fission fragment mass and total kinetic energy distributions have been measured for resonance-neutron induced fission of 239 Pu, without and with coincidence of prompt neutron emission, for spontaneous fission of 252 Cf and for neutron induced fission of 251 Cf at thermal incident neutron energy.
Resonance neutron induced fission of 235 U has revealed fluctuations of the fission fragment mass yield and total kinetic energy (TKE) from resonance to resonance [14] . The TKE was found to be anticorrelated with the number of prompt neutrons emitted in fission. In addition, a fission mode analysis in the frame of the multi-modal random neck-rupture model [15] showed fluctuations in the modal weights from resonance to resonance. In the case of 239 Pu(n,f), a cleaner situation was expected due to the fact that well separated 0 + and 1 + transition states above the barrier are present.
At resolved resonances below 200 eV the variation of the average TKE and mass yield distribution for 239 Pu(n,f) as a function of resonance energy has been investigated. Figure 5 shows the fluctuation of the TKE with resonance energy. The deviation from the thermal value of (177.83 ± 0.02) MeV is small (about 300 keV) but visible. Error bars are rather large, and only statistical errors are given. Nevertheless, it is observed that the deviation of the average TKE in resonances is only about half the deviation as being observed in resonance fission of 235 U [14] . The shape is very similar, except that the maximum is at about twice the incident neutron energy (see [14] ). Figure 6 shows the changes in the fission fragment mass yield distribution relative to the thermal value for the sum of all J π = 1 + resonances. Again, a much smaller effect as compared to 235 U is observed. A possible explanation could be the following: in case of a single transition state leading to fission with a given modal structure, no fluctuations in the fission fragment properties should be observable in contrast to several transition states with individual modal structure present in 236 U. The observed fluctuations point to the fact that more than one transition state leads to fission for some of the resonances. Cf(n th ,f) at E* = 6.2 MeV. This is the heaviest system, in which a comparison is possible between a thermal neutron induced and a spontaneously fissioning system. Figure 7 shows the mass distribution deduced for the 251 Cf(n th ,f) reaction in comparison with 252 Cf(SF) and an evaluation of England et al. [16] . A definite difference is obvious and is probably related to a change in the modal weights of the so-called standard modes S1 and S2. A more elaborated analysis is presently ongoing. FIGURE 7. Comparison of the mass distribution for the light fragments for the system 251 Cf(n th ,f) and 252 Cf(SF). An evaluation for this mass distribution is also given by the full line and shaded area [16] . multiplicities and spectra were determined for several actinides [17, 18] . The most important improvement to the statistical model code used to calculate the fission cross section was the implementation of the multi modality of the fission process. The multi-modal fission process was also included in an improved version [18] of the Los Alamos code [19] used in the calculation of prompt neutron multiplicities and spectra.
In the recent calculation of the prompt fission neutron spectrum of 252 Cf(SF) [20] , the fission fragment residual nuclear temperature distribution had also been modified and an anisotropy in the prompt neutron emission has been assumed. In Fig. 8 the superposition of the experimental mass-yield and TKE distribution is shown, which entered into the prompt fission neutron spectrum (PFNS) calculation. Since the mass distribution of 252 Cf(SF) is rather broad, the normally sufficient number of three fission modes for the superposition did not work out here. Two additional theoretically predicted modes, the Standard 3 and Standard X modes, had to be introduced. With a total of five fission modes, the mass-yield and TKE distributions as well as the prompt neutron evaporation could be described consistently (as seen in Figs. 8 and 9 ). Figure 9 gives the calculated PFNS relative to a Maxwellian distribution with a fixed temperature, T M = 1.42 MeV. Additionally, the present calculation is compared to the evaluation by Mannhart [21] . The full and dash-dotted lines show the improvement in the agreement of the presently calculated spectrum with the Mannhart evaluation if the improved temperature dependence of the neutron emission and an anisotropy of 10% to 15% in the angular distribution of the prompt emitted neutrons is assumed. This anisotropy would point to the fact that the source of prompt neutron emission is not purely from fully accelerated fragments, but other sources such as scission neutron emission could exist. The search for scission neutrons was recently again in the focus, since a reanalysis of the measured prompt neutron emission in 252 Cf(SF) [22] , showed some evidence that this process is really occurring. At present an INTAS project has been approved for funding, which is partly related to the search for scission neutrons.
Last but not least, the calculation of the fission cross section and other reaction cross sections using a statistical model code [17] is being described.
For the first-chance fission, the statistical model code has been improved taking into account the modality of the fission process. Based on modal weights determined from the experimental fission yield and TKE distributions for several actinides, the fission cross section and the other reaction cross sections involved have been calculated for the same actinides investigated experimentally (see, e.g., [17] In the meantime, fission cross-section calculations have also been performed for higher fission chances up to several tens of MeV, e.g., for 235 U and 231,233 Pa.
In Fig. 10 , as one example, the result of the fission cross-section calculation for 235 U(n,f) up to 50-MeV incident neutron energy is given. The present calculation is compared to the available evaluations existing only up to 20 MeV. Also the contributions of the different fission chances involved are given, again compared to the results from previous evaluations. Although the new fission cross-section calculation is in good agreement with the evaluations, the first-and second-chance fission cross-section contributions appear to be quite different. 
CONCLUSIONS
Nuclear fission research is still a major part of the nuclear data work program at IRMM. The experimental results are used in improvements of model codes for calculations of total reaction cross sections, including the fission channel, as well as for the calculation of the prompt fission neutron multiplicities and spectra. The work is carried out in collaboration with European and non-European laboratories and with participation of fellows at graduate and undergraduate level. Many visiting scientists from New Member States and Candidate Countries to the European Union have participated in the work program.
